There has been substantial urban growth in Stockholm, Sweden, the fastest-growing capital in Europe. The intensifying urbanization poses challenges for environmental management and sustainable development. Using Sentinel-2 and SPOT-5 imagery, this research investigates the evolution of land-cover change in Stockholm County between 2005 and 2015, and evaluates urban growth impact on protected green areas, green infrastructure and urban ecosystem service provision. One scene of 2015 Sentinel-2A multispectral instrument (MSI) and 10 scenes of 2005 SPOT-5 high-resolution instruments (HRI) imagery over Stockholm County are classified into 10 land-cover categories using object-based image analysis and a support vector machine algorithm with spectral, textural and geometric features. Reaching accuracies of approximately 90%, the classifications are then analyzed to determine impact of urban growth in Stockholm between 2005 and 2015, including land-cover change statistics, landscape-level urban ecosystem service provision bundle changes and evaluation of regional and local impact on legislatively protected areas as well as ecologically significant green infrastructure networks. The results indicate that urban areas increased by 15%, while non-urban land cover decreased by 4%. In terms of ecosystem services, changes in proximity of forest and low-density built-up areas were the main cause of lowered provision of temperature regulation, air purification and noise reduction. There was a decadal ecosystem service loss of 4.6 million USD (2015 exchange rate). Urban areas within a 200 m buffer zone around the Swedish environmental protection agency's nature reserves increased 16%, with examples of urban areas constructed along nature reserve boundaries. Urban expansion overlapped the deciduous ecological corridor network and green wedge/core areas to a small but increasing degree, often in close proximity to weak but important green links in the landscape. Given these findings, increased conservation/restoration focus on the region's green weak links is recommended.
Introduction
As of 2018, 55% of the world population resides in urban areas, a percentage that is projected to increase to 68% by 2050 [1] . Increasing urbanization poses challenges for sustainable development, not least in regard to environmental management. Urbanization results in changes in land cover, hydrological systems, biogeochemistry, climate and biodiversity. Worldwide, urban expansion is one of the primary drivers of habitat loss and species extinction [2, 3] . Urbanization has a two-fold effect on surrounding remaining natural land cover: (1) Growing urban areas lead to increased demand for resources/energy from natural areas and increased amounts of emissions/waste for the natural datasets. Recently, a new approach for appraisal of ecosystem services in urban areas was developed by extending the ecosystem service concept through the integration of spatial characteristics of ecosystem service provisional patches via landscape metrics [21] . These ecosystem service provision bundles have been tested based on Sentinel-2A MSI data in Beijing, a rapidly urbanizing metropolitan area [21] but not in a moderately urbanizing region such as Stockholm, where there is a need for information on more recent urban expansion and resulting impact on green structure and ecosystem services [22] .
The objectives of this research are therefore to investigate the extent and nature of land-cover change in Stockholm between 2005 and 2015 based on object-oriented support vector machine (SVM) classifications of Sentinel-2A MSI and SPOT-5 high-resolution instruments (HRI) satellite data, and to estimate this change's impact on and relation to legislatively protected and ecologically significant areas of green infrastructure as well as to assess urban ecosystem service provision bundle changes at the landscape level. This is a complementary dual-level analysis approach: At the landscape regional level, yielding an estimation of overall impacts on ecosystem service provision for the whole region, combined with more specific analysis pertaining to green infrastructure that transcends administrative boundaries and highlights potentially problematic areas, which are localized manifestations of the regional trends. This kind of information can assist policymakers and planners in Stockholm in making both local and regional decisions about future urban development and environmental protection or mitigating measures. This methodological approach can also serve as an informative case study for other cities/countries considering methods for evaluating their progress towards UN SDG target 15.1 and other national environmental policy aims.
Related Literature

Urban Land-Cover Mapping Based on Optical Remote Sensing Data
Remote sensing data provides valuable geographic information given its spatially consistent geometric detail provided at high temporal frequency [23] and the mapping and monitoring of urban land-cover change based on remote sensing data have been developed extensively in recent decades. Urban environments pose a unique challenge for mapping and classification given the increased complexity of land-cover features found within them, particularly at higher spatial resolutions [24] [25] [26] .
Land-cover mapping of urban areas with medium-to high-resolution satellite data has been successfully performed at local and regional scales, most often based on optical data from satellites such as Landsat, SPOT, Aster, Ikonos or QuickBird [25, [27] [28] [29] [30] . In comparison to other pixel-based classification methods, object-based image analysis (OBIA) has consistently returned superior results in land-cover classification accuracy thanks to its use of contextual information such as shape, texture and neighborhood information in addition to spectral data [31] . Powers et al. [32] tested the performance of OBIA classification by resampling images to different spatial resolutions (5, 10, 15, 20, 25 and 30 m) and found that 10 m yielded the highest classification accuracy. Indeed, 10 m resolution SPOT imagery has been used successfully to obtain high accuracy urban land-cover maps, particularly in combination with OBIA techniques [29, [33] [34] [35] . Very high resolution (VHR) data, such as Ikonos or QuickBird, has also proven useful in the classification of detailed urban land-cover maps, but has been less utilized due to its often commercial nature, limited geographical coverage and demand for computational and storage resources [36] .
In their review of supervised object-based land-cover image classification, Ma et al. [24] found that SPOT data provided the highest accuracy of all sensor types tested with the exception of unmanned aerial vehicles and that the random forest and support vector machine (SVM) supervised classifiers yielded the highest mean classification accuracies. They note that some uncertainties still exist with regard to feature selection in the process of SVM classification but that previous research suggests that higher accuracy occurs when the number of features is less than 30 [37, 38] . SVM is particularly effective for classification of high-dimensional or multi-source data [39, 40] . Moving from pixel-based techniques towards object-based representation, the dimensions of remote sensing imagery feature space increases significantly. This results in increased complexity of the classification process. Non-parametric classifiers like SVM often provide better results in complex landscapes and are more suitable when using non-spectral data in classification since there is no assumption of normal data distribution [36] . The superiority of SVM to other classifiers in object-based classification has been reported by various studies, e.g., [39, 41] .
Recent research highlights the advantages of the use of Sentinel-2 imagery for urban land-cover classification. Pesaresi et al. [19] found that the higher resolution and thematic content of Sentinel-2 data were better suited to detecting built-up areas than Landsat imagery. The findings of Momeni et al. [42] suggest that, where VHR data is not available, the advanced spectral capabilities of recent sensors like Sentinel-2 combined with OBIA and an SVM classifier hold potential for high accuracy mapping of complex urban land cover. The research of Thanh Noi and Kappas [43] confirms that the SVM classifier performs better (higher accuracy and less sensitivity to training sample sizes) than either random forest or k-nearest neighbor when applied to Sentinel-2 data. Given these research findings, an OBIA approach combined with the SVM classifier was chosen as a promising and reliable method with which to produce urban land-cover maps from both SPOT-5 HRI and Sentinel-2A MSI data at different points in time in order to make spatio-temporal comparisons and evaluate environmental impact.
Urban Environmental Impact Analysis
Anthropogenic influence and impact on the condition and quality of natural and semi-natural environments have increasingly been assessed and presented in terms of ecosystem services, which can be defined as the benefits that humans derive from ecosystems [44] . Urban expansion and the resulting land-cover conversion and fragmentation often negatively affect biodiversity and ecosystem function and services [45] [46] [47] [48] [49] . While remote sensing has increasingly contributed to ecosystem service assessments in general [50] [51] [52] , it has been less frequently used to assess urban ecosystem service changes apart from economic valuation schemes, e.g., [53] . Urban ecosystem services, such as air filtration, microclimate regulation, water regulation, waste treatment and recreational/cultural values, are important because of their direct effects on human health and security [54, 55] . Changes in the spatial attributes of ecosystem service-providing land cover, such as green infrastructure, in urban areas have not often been examined and there is opportunity for further research in this area [21, 56] . Multitemporal remote sensing-based urban land-cover classifications provide a basis for assessment of these environmental spatial changes and their influence on ecosystem service provision.
Since landscape pattern influences the functioning and provision of ecosystem services [47, 57, 58] , changes in spatial pattern quantified by landscape metrics can act as indicators of impact on ecosystem services [56, 59] . Landscape metrics have an established record as tools to measure spatial heterogeneity in landscapes [60] [61] [62] [63] and have been used to estimate fragmentation in urbanizing landscapes [64] [65] [66] [67] . Lausch et al. [68] have found that high hemeroby (low naturalness and high human pressure on landscapes) reduces heterogeneity in space and time within patterns and the patch matrix model, which constitutes the framework for calculation of landscape metrics, is recommended for analysis of these kinds of, most notably urban, landscapes.
Haas and Ban [21] recently used landscape metrics in the construction of urban ecosystem service provision bundles to assess the environmental impact of urban growth in Beijing, China between 2005 and 2015, and their incorporation of landscape metrics added a clear spatial component which is important but often lacking in evaluation of changes in ecosystem services [56, 69, 70] . Their analysis was based on classifications of Landsat and Sentinel-2A data which have differing spatial resolutions (30 m vs. 20/10 m respectively) and as a result, the high-resolution information from Sentinel-2A sensors could not be fully utilized in the metric-based ecosystem service assessment. Wetlands, which play a significant role in the provision of ecosystem services especially in proximity to urban areas [55, 71] , were also notably absent in their study area. Application of their methodology in a very different urbanizing region such as Stockholm, Sweden, which includes a number of wetlands, and comparison Remote Sens. 2019, 11, 2408 5 of 36 of results from Sentinel-2A with higher resolution SPOT data over the same time period is of interest for evaluating the method's full potential as well as its sensitivity and transferability.
Stockholm Green Infrastructure Change Monitoring
As part of the global Millennium Ecosystem Assessment, the Stockholm Urban Assessment (SUA) [72] was selected as a sub-global assessment example, and the main objective of more recent SUA research is to raise awareness among planners and policymakers of the role that Stockholm green structure plays in generating ecosystem services. Both the SUA and its revisitation in 2013 were based on a study area that encompasses the urban metropolitan core of Stockholm but that represents only 15% of the total land area of Stockholm County [22] . While there is considerable political will to preserve green structure in the Stockholm region, both studies state that it continues to be steadily reduced and fragmented by urban expansion. Colding [22] acknowledges that there is a lack of data on how much green structure has been lost in the most recent decades (i.e., since the 1990s) and Colding et al. [72] and Borgström [73] have emphasized the importance of shifting the management/research perspective from the local to the regional landscape scale. Hence there is a need for recent and reliable information on urban expansion-induced loss of green structure in Stockholm County as a whole.
In response to the Swedish government's recently adopted requirements regarding planning for green infrastructure, the Stockholm County Administrative Board (SCAB) has drafted a green infrastructure action plan. One of the key considerations when it comes to evaluating and planning for Stockholm's green infrastructure is change in relation to forests, specifically the loss of valuable core areas or important links due to clear cuts or exploitation [74] . Analysis of core areas and ecological corridors for both coniferous/mixed and broadleaved/deciduous forests was performed [75] as a basis for recommendations pertaining to forested areas. In the new regional development plan produced by the Stockholm County Growth and Regional Planning Administration (TRF) in 2018, a network of 10 green wedges, which follow the urban structure from the outskirts of the metropolitan area in towards the center of Stockholm, represents the region's green infrastructure. These large green areas provide flora and fauna with habitat and the possibility of dispersal as well as many of the region's ecosystem services [76] . Much of the planning process in the Stockholm region takes place on the municipal level but municipalities often have difficulty in obtaining a clear, holistic picture of factors that cross city boundaries, which often do not coincide with ecoregion boundaries. The regional action plan points out specifically that green connections and valuable areas that cross municipal boundaries need to receive more planning attention so that the functions and value of the green wedges, in particular, do not disappear [74] . Comparison of classified remotely sensed urban land-cover data with administrative boundaries and significant green infrastructure can reveal these transboundary "hotspots." This research highlights local areas of environmental impact where the territory of several municipalities is involved and where transboundary collaboration is likely needed to sufficiently address potential threats and/or problems.
While it does not develop new image processing techniques, the focus and uniqueness of this research is to "operationalize" the integration of recent data and techniques from the fields of remote sensing and landscape ecology to support sustainable urban planning, and specifically for the monitoring of ecosystem services at the landscape level and nature reserves on a more localized level. These are two complementary and important planning levels: landscape trends of urban impact on ecosystem service provision as well as localized urban impacts on ecologically important regional green infrastructure, which are not often possible to combine in a single methodological study. It also meets the need as expressed by researchers and planning authorities in Stockholm for comparative historical urban growth data and the possibility to obtain a geographic overview that transcends administrative boundaries when observing changes to green infrastructure. The opportunity to test the use of relatively new higher resolution Sentinel-2A MSI data in urban land-cover classification, to utilize the classifications to further investigate effectiveness of ecosystem service bundles in estimating Remote Sens. 2019, 11, 2408 6 of 36 urban impact on ecosystem service provision in a moderately growing urban environment, and the need for monitoring methodology and evaluation of protected areas in urban environments as laid out in SDG 15.1 also motivate this research.
Study Area and Data Description
Study Area
Stockholm municipality covers a land area of around 188 km 2 , while Stockholm County covers 6519 km 2 [77] . The first to receive the Green Capital Award from the European Union in 2010, Stockholm is often cited as a city that leads in sustainable urban development and in preserving the balance between its green and built-up spaces [78, 79] . Yet the region's population is continually growing, placing pressure on the natural environment and increasing demand for built-up areas. The regional planning authorities have a goal of creating 22,000 new dwellings each year up to 2030 [76] . This study investigates how green areas have been impacted by urban expansion in Stockholm County between 2005 and 2015.
The study area is Stockholm County which contains 26 municipalities including Stockholm city (see Figure 1 ). The total area included in the analysis of this study is approximately 13,790 km 2 , of which land area is approximately 6690 km 2 . The major land-cover classes in the region are high-density residential/commercial built-up areas (HDB), roads/railway, low-density built-up areas (LDB), urban green space, golf courses, forest, agriculture, bare rock/clear cut areas, wetlands and water.
Some of the above-mentioned land-cover classes can benefit from further explanation, while the others are more self-evident. The HDB class is somewhat unique in this study since much of the "high density built-up" areas in the city center of Stockholm are composed of buildings that have businesses on the ground floor but residences on the upper floors. The HDB areas classified in the center of Stockholm do therefore include some commercial areas, which could at the same time be considered residential. HDB in this study over Stockholm County also includes industrial, commercial or construction areas such as industrial parks or shopping centers more likely to be found on the outskirts of urban areas. The roads/railway class also includes airport runways. The LDB land-cover class for Stockholm is characterized by suburban residential areas with vegetation around or between buildings. Prime examples of urban green space are city parks or sports fields, but the class also includes any otherwise undesignated green areas in or around urban areas. The eastern part of the Stockholm County region is characterized by the archipelago with its more than 30,000 islands. Stockholm City itself is partially built on a group of islands. Thus, part of the natural geomorphology of this region includes the frequent occurrence of bare rock outcroppings, especially along the coast. The bare rock/clear cut class takes into account these outcroppings as well as clear cut formerly forested areas that often expose a mix of the bare rock/soil land surface underneath. 
Data Description
A single Sentinel-2A MSI image at product level 1C captured on August 23, 2015, was acquired and used in classification. It has less than 1% cloud coverage and provides spectral data over the 
A single Sentinel-2A MSI image at product level 1C captured on August 23, 2015, was acquired and used in classification. It has less than 1% cloud coverage and provides spectral data over the The images were selected from the full vegetation growth season to maximize the spectral differences between built-up areas and vegetation and to thereby reduce detection of unreal changes caused by seasonal differences between years. The Sentinel-2 MSI and SPOT-5 HRI bands used in this study and their characteristics are listed in Table 1 . All SPOT-5 bands were used for segmentation and classification. For Sentinel-2, Bands 5, 6, 7, 8a, 11 and 12 were pan-sharpened to 10 m [80] in order to perform the segmentation using all the bands at the same resolution. This procedure can increase the spectral consistency of the image segments and improve the overall accuracy [81] . Table 1 . Characteristics of the Sentinel-2 and SPOT-5 bands used in segmentation and classification.
Sentinel-2 bands
Central wavelength (µm) Resolution (m) 
Methodology
Image Pre-Processing
An overview of this study's methodology is presented in Figure 2 . Sentinel-2 Level 1C images are radiometrically and geometrically correct including ortho-rectification and spatial registration on a global reference system with sub-pixel accuracy [82] .
Since level 1A processing of SPOT imagery includes radiometric but not geometric correction, it was necessary to orthorectify each of the 10 SPOT images to the Sentinel-2A image. This was done using GSD-Elevation data, grid 50+ nh, a national elevation model in grid form with two decimal height values and 50 m resolution [83] , and the rational polynomial coefficients (RPC) provided within the image metadata. The average RMS errors were 0.3 and 0.25 pixels for the X and Y coordinates respectively. The images were then mosaicked to create one scene over the entire county. The above pre-processing steps were performed using PCI Geomatica software. 
Segmentation and Classification of Satellite Data
Segmentation, feature extraction and classification of the two sets of images were performed using eCognition Developer software [84] . Bands 1-8a, 11 and 12 from Sentinel-2A and all four SPOT-5 bands were used in segmentation and classification. For segmentation, scale parameters of 15 for 2005 and 50 for 2015 were used and homogeneity criteria were set at 0.1 for shape and 0.5 for compactness for 2005 and 0.7 for both criteria for 2015. These parameters were selected based on trials and provided the most appropriate objects for classification in that they most closely represented discrete areas of different land-cover types and shapes in the images. A larger-scale parameter and resulting segments for 2015 were necessary in order to distinguish LDB from UGS; smaller segments placed too much UGS within LDB areas. The 2005 data required a smaller scale parameter and segments since it is a mosaic of 10 images with more variance in spectral qualities of objects, hence smaller "purer" objects yielded better classification results.
Training samples were gathered for 19 different classes initially: 4 for HDB, 1 for LDB, 3 for roads, rail and runway, 3 for UGS, 1 for golf courses, 2 for agriculture, 2 for forest, 1 for water, 1 for bare rock/clear cuts and 1 for wetlands. The classes were then aggregated following classification. The SVM algorithm was used to classify the selected spectral, texture and shape features. As the data is parametric, the linear kernel was chosen to avoid over-fitting. Mean and standard deviation of the above-mentioned spectral bands were used and the shape features included were asymmetry, roundness and rectangular fit. Based on trials, it was found the gray-level difference vector (GLDV) entropy (all directions) texture feature contributed to the best classification results, more so than multiple gray-level co-occurrence matrix (GLCM) features. The texture was included since previous studies have shown that texture measures such as GLCM can improve the classification accuracy of optical medium-to high-resolution satellite imagery [66, [85] [86] [87] .
To further improve the classification results, ancillary data and a set of rural masks were used to reclassify noted problematic areas. Roads misclassified as HDB and LDB were corrected using an asymmetry threshold and wetlands were corrected according to a water proximity threshold. Erroneous occurrences of agriculture in and around urban areas were corrected using Statistics 
To further improve the classification results, ancillary data and a set of rural masks were used to reclassify noted problematic areas. Roads misclassified as HDB and LDB were corrected using an asymmetry threshold and wetlands were corrected according to a water proximity threshold. Erroneous occurrences of agriculture in and around urban areas were corrected using Statistics Sweden's 2010 densely populated area (tätort) geodata set [88] and re-assigned to UGS. An agricultural mask was used to correct over-assignment of UGS and golf courses in rural areas. To correct assignments of HDB in the Stockholm archipelago, data from the DMSP-OLS radiance calibrated nighttime lights time series [89] were used to re-classify HDB in dark areas to bare rock. An archipelago mask was also used to correct the over-assignment of wetlands and agricultural areas to bare rock. Once the segmentation-based SVM classifications of the two sets of imagery and post-classification corrections were completed, accuracy assessments were performed using at least 1000 validation sample vector points for each land-cover class.
Methods for Landscape Change Analysis
Two complementary methods for landscape change analysis were employed in this study. First, in order to give a landscape perspective overview of change to regional ecosystem services, selected landscape metrics were derived and used to construct urban ecosystem service bundles, thereby including spatial characteristics of the provisioning classes in change estimation. The second method focuses on more specific and localized changes in urban areas and green structure on administrative levels within Stockholm County as well as around the region's legislatively protected and ecologically significant areas.
Landscape Metrics and Urban Ecosystem Service Bundles
Haas and Ban [21] recently incorporated landscape metrics in the construction of urban ecosystem service provision bundles, adding a clear spatial component that is important but often lacking in the evaluation of changes in ecosystem services [56, 69, 70] . Their methodology is here adapted and applied to the Stockholm County landscape. Change in these bundles can reveal how ecosystem service provision in and around Stockholm has been impacted by urban expansion between 2005 and 2015.
In regard to the Stockholm region's urban ecosystem services, Bolund and Hunhammar [55] identified a number of these, including air filtration, rainwater drainage, microclimate regulation, noise reduction, waste treatment and recreational/cultural values. Other services important in Stockholm County are described more generally in the County's draft green infrastructure action plan [74] . This information informed the selection of ecosystem services for evaluation listed in Table I , which include 2 provisioning, 7 regulating, 1 supporting, 1 combined regulating/supporting and 4 cultural services. Identification of the provisioning land-cover classes for each of these services is based on the urban ecosystem services summary by Gomez-Baggethun et al. [54] .
Influential spatial attributes for these ecosystem services and metrics to quantify them were proposed by Haas and Ban [21] . Based on the work of [9, 48, 54, 58, 59, 90] among others, they defined service provision dependencies on spatial attributes in the following way, with the exception of the diversity criterion which has here been adapted to the Stockholm context:
•
Area: Larger green/blue areas provide more ecosystem services; • Connectivity: Connected green/blue areas within landscapes increase service provision through enhanced movement corridors and material flows; • Core: Core patch areas with no edge influence are important for species through the provision of a more unaltered habitat; • Diversity: Increasing diversity in a heretofore predominantly green/blue landscape (such as Stockholm County) decreases services through the shift towards larger or more numerous and therefore more influential urban patches; • Edge: Edge contamination of natural blue and green spaces through built-up space affects service quality though pollution and decreased species movement; • Proximity: Closeness to built-up areas increases service provision importance.
These distinct but complementary spatial attributes for ecosystem service provision provide the theoretical basis for the selection of the landscape metrics to be calculated, which is a key step in the construction of the ecosystem service bundles. The appropriate landscape metrics to measure these attributes are listed in Table 2 and defined below. They are the same as those used by Haas and Ban [21] with the exception of one: PLAND. The majority are described according to McGarigal et al. [90] and adapted to the Stockholm context:
• CA: Class area measures landscape composition; specifically, how much of a landscape is comprised of a particular patch type; • COHESION: The patch cohesion index measures the physical connectedness of the considered patch type. Patch cohesion increases as the patch type becomes more consolidated or aggregated in its distribution, and thus more physically connected; • CWED: Contrast-weighted edge density is an index that takes into account both edge density and edge contrast. It standardizes edge to a per unit area basis that facilitates comparison among landscapes of various sizes. Edge contrast is defined on a scale from 0 to 1, where 0 indicates no edge contrast and 1 the highest edge contrast between two classes. In this study, low-contrast values were assigned in-between green/blue classes (for example, Golf courses-UGS 0.2) and in-between built-up classes (i.e., LDB-HDB 0.2). High-contrast values were assigned between green/blue areas and built-up classes to varying degrees, for example: wetlands, water and forest versus HDB: 0.9, forest and wetlands versus LDB: 0.7, agriculture versus LDB: 0.6, etc.; • TCA: The core area represents the area in the patch greater than the specified depth-of-edge distance from the perimeter. The total core area (TCA) is an aggregation of core areas over all patches of the corresponding patch type. TCA was chosen to quantify service provision classes where a negative effect from adjacent dissimilar patch types is expected. A generic edge-depth distance of 30 m is used here since no particular ecological profile is evaluated and edge effects differ for organisms and ecological processes [8] ; • SHDI: Shannon's diversity index is a measure of diversity over the complete landscape. SHDI increases as the proportional distribution of area among patch types becomes more equitable; • PROX: Green and blue areas in direct proximity to urban areas are considered more valuable for provision of ecosystem services to nearby inhabitants than more distant green/blue areas. The proximity metric (PROX) is calculated by identifying areal amounts of the different land-cover classes within a 200 m buffer zone around urban areas and taking the ratio of each class amount to the urban area amount in order to incorporate the influence of urban growth.
McGarigal et al. [90] provide a thorough description of how each metric is calculated. The above-selected landscape metrics were generated using Fragstats software [90] based on the quantity and configuration of the relevant land-cover classes in each classification. In addition, the proximity metric was calculated by generating a 200 m buffer around HDB and LDB classified areas and identifying areal amounts of the different land-cover classes within the buffer zone. A ratio between the areal amount of each class and the number of urban areas (HDB+LDB) was calculated in order to relate the proximity criterion to urban growth.
Relevant land-cover classes are used to calculate the landscape metrics both in terms of proportion and spatial configuration, which are then bundled according to the land-cover classes' similar ecosystem service provision capacities, as presented in Table 1 . The following services, which are represented by the same land-cover classes and metrics according to Summary of ecosystem services, provisional land-cover classes according to Gomez-Baggethun et al. [54] , influential spatial attributes and suggested landscape metrics to quantify these spatial attributes (adapted from Haas and Ban [21] The resulting metric values were summed and normalized for each ecosystem service bundle. Bundle values from 2015 were compared to those from 2005 as a baseline and the percent changes in service provision were quantified. Finally, in order to more clearly illustrate the gains and losses in urban ecosystem service provision, benefit transfer and the valuation scheme published by Liu et al. [91] is here adapted and utilized. This valuation system for ecosystem services in New Jersey was deemed appropriate for use in this study since much of the criteria for its development were valid for the Stockholm region as well. The studies upon which the valuation is based refer to temperate regions in either Europe or North America to ensure similarity in socio-economic factors (such as attitude towards the environment and income). The ecosystem services valued via terrestrial land cover were similar to those examined here for Stockholm: climate regulation, water regulation, water supply, pollination, habitat/refugia and aesthetic and recreation. The valuation of ecosystem service providing land cover adapted from Liu et al. [91] is outlined in Table 3 . Since one of the spatial attribute principles adopted in this study for Stockholm indicates that green and blue structure in proximity to urban areas is more valuable for ecosystem service provision than those located farther away, a proximate green/blue structure class is added. This class is comprised of all green and blue structures within the 200 m buffer zone of built-up areas used to calculate the PROX metric. Its value is based on the averaged values of the other land-cover classes that it contains. 
Land-Cover Change and Environmental Impact Analysis
To give an idea of how green and urban areas changed according to existing administrative boundaries in the study area, the land area percent change in green structure (comprised of forest, urban green space, golf courses, wetlands and bare rock) and in urban areas (comprised of HDB, LDB and roads/railway) per municipality is provided in Section 5.2.2. This information provides insight into change in different areas of the county and can be useful for regional planning.
According to the Swedish Environmental Protection Agency (SEPA), green infrastructure is a network of natural areas that contribute to a well-functioning habitat for flora and fauna and to human well-being [75, 92] . While green structure is comprised of the physical components of natural and semi-natural areas in urban settings, green infrastructure entails a more complex network of functions and interactions of green areas, including ecosystem services, that benefit both nature and human beings. One of the key considerations related to Stockholm's green infrastructure is change in relation to forests [74] . SCAB states in the draft green infrastructure action plan that perhaps the most important forest species environment are the oak tree habitats given that many of their most valuable patches are located near the city center and dense urban areas. Hardwood deciduous forest and trees are a valuable biotope for biodiversity in the Stockholm region and oak forests, in particular, are a keystone species, which provide a unique set of niches for flora and fauna [22] . Given the importance of and pressure on oak forests in the Stockholm region, the deciduous (broadleaved) forest ecological corridor network (dispersal distance 2500 m, focus species: marbled rose chafer, Liocola marmorata [75] ) is here compared with change in urban areas (HDB, LDB, roads/railway) between 2005 and 2015. The change in percentage overlap of urban areas with the deciduous forest network is calculated and notable examples of change within the network are presented graphically.
Urban land-cover change in relation to legislatively protected green areas was also investigated. Nature reserves in Sweden are significant green areas in need of protection for a number of possible reasons such as the biodiversity or threatened species they contain or their recreational value. Nature reserves are usually established by county authorities with administrative support from SEPA on a case by case basis often initiated by a proposal from regional or municipal authorities or organizations [93] . Once established, they enjoy legal protection and are managed by SEPA. SEPA's directive on action plans for management of green infrastructure notes specifically the importance of transition zones (övergångsmiljöer) between and around non-urban land cover [92] . Previous research has indicated that effects of light, wind and temperature occur up to 200 m from forest edge [94] [95] [96] and this distance has been used to evaluate buffer zones around forest reserves in southern Sweden [97, 98] . Hence to evaluate change in transition areas around the nature reserves in the current study area, the urban vs. non-urban composition of a 200 m buffer zone was calculated for both decades and the change quantified. Notable examples of urban change in buffer zones around nature reserves are presented graphically.
As mentioned earlier, the new regional development plan for Stockholm, known as RUFS 2050, identifies a network of 10 green wedges as representative of the region's green infrastructure. The wedges are comprised of valuable core areas, sections of general green infrastructure and green "weak links"-areas that often do not measure a width of more than 500 m [76] . While the wedges do not enjoy legal protection as the nature reserves do, what happens within them in terms of land exploitation is significant for maintenance of biodiversity, ecosystem service provision and quality of life for the region's inhabitants. The green wedge network is here evaluated in terms of overlap with growing urban areas and change examples are shown graphically. Results of the land-cover change and impact analysis are reported in Section 5.2.2.
Results
Classification of Satellite Data
The accuracy results for the segmentation-based SVM classifications over Stockholm County following post-classification corrections are reported in Table 3 . The overall accuracies were 89% for both 2005 and 2015, with a 0.88 kappa statistic for both. The confusion matrices reveal more specific accuracies for each of the land-cover classes. The accuracies for most classes were satisfactory, that is, above 80% for both user's and producer's accuracy. The only significant problem when it came to classification comparability is in relation to the accuracies of the road/railway and HDB classes, which were those that were most confused with one another. In 2015, there was a slight overestimation of roads at the expense of HDB and the reverse was true of 2005-a slight underestimation of roads in favor of HDB. When land-cover percentages were compared, these errors taken together made it appear as if HDB had decreased slightly and roads had increased significantly between 2005 and 2015, which was not accurate. To avoid this problem, the HDB and road/railway classes were combined for the analysis of landscape change and generation of statistics. These two land-cover types often have similar environmental impacts since both are characterized by impervious surfaces and their combination here provides a more accurate representation of urban growth. Following aggregation of the HDB and road/railway classes, overall accuracies for the 2015 and 2005 classifications rose to 92% and 90% respectively. Updated class accuracy statistics reflecting this change are presented the far right-hand columns of Table 4 . Overestimation of roads and lower accuracy for that class with Sentinel-2 data than with SPOT-5 data could be related to the larger segment size used which may have combined small HDB areas with what were mainly road segments. The same reason could account for the slightly lower accuracy for the urban green area class with Sentinel-2 data than with SPOT-5, although the general trend of urban green area confusion with LDB, golf courses, agriculture and forest was the same for both types of data. The agriculture, forest and wetland classes, on the other hand, were more accurately classified with Sentinel-2 data than with SPOT-5 data mostly likely due to the variety of spectral bands included with Sentinel-2, especially red edge bands which provide more nuanced spectral information helpful in separating vegetation classes. The bare rock/clear cut class accuracy was lower in 2005 than in 2015 due mainly to SPOT images acquired early on in the summer vegetation season where clear cut areas had a very similar spectral signature to bare agricultural fields. Classification of the Sentinel-2A data did not have a similar problem since it was a single image captured late in the vegetation season.
For examination of the urban impact on green infrastructure, the classifications are in practice further aggregated to four classes: urban areas (HDB, LDB, roads), green structure (forest, wetlands, urban green areas, golf courses, bare rock/clear cuts), agriculture and water. This means that the accuracies of the classifications rise even higher and the findings are that much more reliable.
Landscape Change Analysis
Landscape Metrics and Ecosystem Service Bundle Changes
Between 2005 and 2015, non-urban land cover dropped and urban areas increased by just over 2% of the County land area or approximately 116 km 2 . Urban areas increased by 15% while non-urban areas decreased by just under 4%. Figure 3 shows graphically the change in land area percentages for the different land-cover classes.
Looking at the 2005 percentages, it is apparent that forest dominates the Stockholm County landscape at just over 57%, followed by agriculture at 16% and then urban areas (LDB plus HDB/roads) at 11.5%. By 2015, urban growth had shifted the percentages such that the gap between agriculture and urban areas had narrowed significantly with agriculture at 15.2% and urban areas at 13.3%. Given the urban growth trajectory, this would suggest that urban areas may soon replace agriculture as the second-largest land-cover category in the Stockholm County landscape.
In relation to the 2005 class areas, forest decreased by approximately 2% or just over 80 km 2 but retains its dominant position in the landscape. Agricultural areas decreased by nearly 4% or 39 km 2 . Golf courses and wetlands remained relatively stable during this period with no significant change detected for wetlands and a 4 km 2 or 14% increase for golf courses. LDB areas increased by 15% or 79 km 2 and HDB/road areas increased by 14% or nearly 37 km 2 .
summer/late spring capture of some of the SPOT images and possibly to radiometric differences that made some vegetated areas in the 2005 archipelago, in particular, appear "washed out" and more like clear cuts/bare rock. The latter do not unduly affect the landscape change analysis since green structure as defined here (following consultation with an ecologist at Stockholm municipality [99] ) includes the following land-cover classes: forest, wetlands, urban green space, golf courses and bare rock. UGS increased by about 13% but this is likely slightly less for some of the reasons just given. Some increase in UGS would, however, be expected to accompany an increase in urban areas and some recent studies have found a decadal increase in vegetation cover alongside an increase in impervious surfaces for specific metropolitan areas [53, 100] . The decreases in forest and agriculture especially have important consequences for the provision of the region's ecosystem services as the changes in ecosystem service bundles reveal. These changes are shown graphically in Figure 4 and presented in Table 5 . Here it can be noted that the loss of forested and agricultural areas slightly negatively impacted the food supply, runoff mitigation, waste treatment and global climate regulation services. However, the services ensuring temperature regulation, noise reduction and air purification were most negatively impacted by an 8%-9% decrease mainly due to the decrease in proximity of forest and an increase in proximity of LDB areas. These proximity changes coupled with an increase in diversity (more even distribution of urban areas in relation to non-urban areas) were the cause of an over 5% decrease in both recreation/place values and aesthetic benefit/cognitive development services. The decrease of about 13% in the bare rock/clear cut class is due to a number of reasons, namely vegetation regrowth in previously clear cut areas, conversion to urban land cover, to the later summer vegetation conditions in the 2015 image (captured on August 23rd) as opposed to the early summer/late spring capture of some of the SPOT images and possibly to radiometric differences that made some vegetated areas in the 2005 archipelago, in particular, appear "washed out" and more like clear cuts/bare rock. The latter do not unduly affect the landscape change analysis since green structure as defined here (following consultation with an ecologist at Stockholm municipality [99] ) includes the following land-cover classes: forest, wetlands, urban green space, golf courses and bare rock. UGS increased by about 13% but this is likely slightly less for some of the reasons just given. Some increase in UGS would, however, be expected to accompany an increase in urban areas and some recent studies have found a decadal increase in vegetation cover alongside an increase in impervious surfaces for specific metropolitan areas [53, 100] .
The decreases in forest and agriculture especially have important consequences for the provision of the region's ecosystem services as the changes in ecosystem service bundles reveal. These changes are shown graphically in Figure 4 and presented in Table 5 . Here it can be noted that the loss of forested and agricultural areas slightly negatively impacted the food supply, runoff mitigation, waste treatment and global climate regulation services. However, the services ensuring temperature regulation, noise reduction and air purification were most negatively impacted by an 8%-9% decrease mainly due to the decrease in proximity of forest and an increase in proximity of LDB areas. These proximity changes coupled with an increase in diversity (more even distribution of urban areas in relation to non-urban areas) were the cause of an over 5% decrease in both recreation/place values and aesthetic benefit/cognitive development services.
Water supply service provision registered a slight positive effect mainly due to a drop in contrasting edge effects around forest. Given that forested areas decreased and that the number of forest patches and patch density also decreased (signaling the removal of forest edges in contact with other types of land cover), this drop, in contrast, is likely a side effect of the attrition of forested areas and in that sense is not a positive occurrence. Pollination, pest regulation, seed dispersal and habitat also registered a slight increase overall, where small increases in core area for forest (clear cut regrowth) and urban green space, and in cohesion of urban green space compensated for the loss of forested and agricultural areas and the increase in diversity. Water supply service provision registered a slight positive effect mainly due to a drop in contrasting edge effects around forest. Given that forested areas decreased and that the number of forest patches and patch density also decreased (signaling the removal of forest edges in contact with other types of land cover), this drop, in contrast, is likely a side effect of the attrition of forested areas and in that sense is not a positive occurrence. Pollination, pest regulation, seed dispersal and habitat also registered a slight increase overall, where small increases in core area for forest (clear cut The monetary values of ecosystem service provision per land cover in 2005 and 2015 are listed in Table 6 . The decrease in proximate green/blue structure and forest contributed most to ecosystem service value loss over the decade and approximately two-thirds of the forest area lost was located in the 200 m urban buffer zone. The losses were compensated to a large extent by a gain in value from the increase in UGS. There was an overall loss of 3.7 million USD (2004 exchange rate) which would be the equivalent of 4.6 million USD with the 2015 exchange rate. 
Land-Cover Change and Impact Analysis
Land-Cover Change according to Administrative Boundaries
Land area percentages of urban areas (comprised of HDB, LDB and roads/railway) and of green structure (comprised of forest, urban green space, golf courses, wetlands and bare rock) for 2005 and 2015 are shown per municipality in Figures 5 and 6 respectively. Figure 5 makes clear how "urbanized" each municipality is with municipalities such as Danderyd, Solna, Stockholm and Sundbyberg having more than 50% urban land cover and municipalities such as Norrtälje, Nynäshamn, Vallentuna och Värmdö covered by about 10% or less urban classes. Yet it is important to note that many of the more urban municipalities such as Danderyd, Solna and Sundbyberg possess much less land area overall (8-27 km 2 ) compared to municipalities like Nynäshamn, Vallentuna and Norrtälje (363-2055 km 2 ). Figure 1 shows the geographic extent of municipalities in Stockholm County.
The percentage changes for urban areas and green structures are listed per municipality in Table 7 . The loss of green structure number indicates the percentage of mainly forest and urban green space that was converted to urban land cover. If the urban growth percentage and the green structure loss percentage do not correspond exactly, the difference can be attributed to conversion of/to agricultural lands.
Seven municipalities experienced more than 5% urban growth, namely Järfälla, Sigtuna, Sollentuna, Sundbyberg, Täby, Upplands-Bro and Upplands-Väsby. The most dramatic percentage occurred in Sundbyberg with about 9% urban growth, although with less than 8 km 2 in total land area, this amounted to just over 0.7 km 2 new urban land cover. The largest area converted to urban land cover was found in the Sigtuna municipality where approximately 16 km 2 from green structure and agricultural areas were appropriated. All of these municipalities are located to the north of Stockholm City. Four municipalities lost more than 5% of their green structure: Järfälla, Sollentuna, Sundbyberg and Upplands-Väsby, varying from 0.7-4.6 km 2 . The percentage changes for urban areas and green structures are listed per municipality in Table 7 . The loss of green structure number indicates the percentage of mainly forest and urban green space that was converted to urban land cover. If the urban growth percentage and the green structure loss percentage do not correspond exactly, the difference can be attributed to conversion of/to agricultural lands. The percentage changes for urban areas and green structures are listed per municipality in Table 7 . The loss of green structure number indicates the percentage of mainly forest and urban green space that was converted to urban land cover. If the urban growth percentage and the green structure loss percentage do not correspond exactly, the difference can be attributed to conversion of/to agricultural lands. 
Urban Change in and around Protected and Ecologically Significant Areas
Nature Reserves
The urban area of the calculated 200 m buffer zone around the SEPA nature reserves in Stockholm County increased by 5.5 km 2 between 2005 and 2015. This amounts to a 1% increase in terms of the total area of the buffer zones and a 16% increase in terms of the 2005 urban area of the zones. Graphic examples of this increase are shown in Figures 7 and 8 below. Of note in Figure 8 is the expansion of urban land cover up to and along the boundary on the eastern side of the Lännaskogen Nature Reserve (NR) and to the south of Rudan NR. These expansions are both from forest to industrial/commercial land cover (HDB) and the expansion near Kolartorp is from forest to roads and residential areas (LDB).
Bornsjön NR provides another example of urban expansion up to and along its southwest boundary in Södertälje Municipality, see Figure 8 . Here the southernmost expansion is from forest to industrial land cover (HDB) and the expansion to the northwest in the image is from forest to residential areas (LDB).
Some nature reserves also became increasingly surrounded by urban land cover even if this did not occur in their immediate (200 m) vicinity. Figure 9 shows how the Igelbäcken cultural and nature reserves have become more isolated from other green spaces as a result of urban expansion. In this figure, it becomes evident how Igelbäcken NR is nearly completely enclosed by urban areas. The only green link is to the east towards Ulriksdal NR. Some nature reserves also became increasingly surrounded by urban land cover even if this did not occur in their immediate (200 m) vicinity. Figure 9 shows how the Igelbäcken cultural and nature reserves have become more isolated from other green spaces as a result of urban expansion. In this figure, it becomes evident how Igelbäcken NR is nearly completely enclosed by urban areas. The only green link is to the east towards Ulriksdal NR. 
Deciduous Ecological Corridor Network
The area of urban overlap with the deciduous ecological corridor network in Stockholm County increased by 4.6 km 2 between 2005 and 2015. This amounts to a 1% increase in terms of the total network area and a 12% increase in terms of the 2005 urban area of the network. Graphic examples of overlap with the primary and secondary ecocorridors are shown in Figures 10 and 11 respectively below. In these examples, forest was converted to industrial and residential land cover in Vårby and to residential land cover in Trångsund. 
Green Wedges and Core Areas
The area of urban overlap with green wedges and green core areas identified in the RUFS 2050 plan for Stockholm County increased by 9.3 km 2 between 2005 and 2015. This amounts to a 0.6% increase in terms of the total green wedge and core area, but an impressive 52% increase in terms of the 2005 urban overlap area. A graphic example of the urban overlap increase is shown in Figure 12 below. For core areas alone, the increase was 4.2 km 2 or 0.5% increase over the total area corresponding to a 48% urban increase. Green Wedges and Core Areas
The area of urban overlap with green wedges and green core areas identified in the RUFS 2050 plan for Stockholm County increased by 9.3 km 2 between 2005 and 2015. This amounts to a 0.6% increase in terms of the total green wedge and core area, but an impressive 52% increase in terms of the 2005 urban overlap area. A graphic example of the urban overlap increase is shown in Figure 12 below. For core areas alone, the increase was 4.2 km 2 or 0.5% increase over the total area corresponding to a 48% urban increase. Figure 12 shows contiguous portions of three municipalities: Upplands-Bro, Upplands-Väsby and Sigtuna and urban expansion into green wedges and core areas in each. Notable areas of overlap are circled in black. Here, the land conversion was from forest and agriculture to industrial in Sigtuna, from forest to industrial in Upplands-Väsby and from forest to residential in Upplands-Bro. The area in and around Flaten Nature Reserve in southeast Stockholm is particularly important from an ecological standpoint since all three types of green infrastructure (nature reserve, deciduous ecocorridor and green wedge core area) overlap there. Figure 13 shows the urban expansion in and around Flaten in relation to all of these. The area shown is also where the municipal boundaries of Figure 12 shows contiguous portions of three municipalities: Upplands-Bro, Upplands-Väsby and Sigtuna and urban expansion into green wedges and core areas in each. Notable areas of overlap are circled in black. Here, the land conversion was from forest and agriculture to industrial in Sigtuna, from forest to industrial in Upplands-Väsby and from forest to residential in Upplands-Bro.
The area in and around Flaten Nature Reserve in southeast Stockholm is particularly important from an ecological standpoint since all three types of green infrastructure (nature reserve, deciduous ecocorridor and green wedge core area) overlap there. Figure 13 shows the urban expansion in and around Flaten in relation to all of these. The area shown is also where the municipal boundaries of Stockholm, Nacka, Tyresö and Huddinge municipalities meet. Here is evidently an ecologically significant area under pressure from urban expansion with the added challenge of coordinating between four municipalities for decisions regarding either its preservation from or exposure to further urban development.
Remote Sens. 2019, 11, x FOR PEER REVIEW  26 of 37 Stockholm, Nacka, Tyresö and Huddinge municipalities meet. Here is evidently an ecologically significant area under pressure from urban expansion with the added challenge of coordinating between four municipalities for decisions regarding either its preservation from or exposure to further urban development. 
Discussion
With regard to reporting on the group of northern municipalities that experienced the most urban growth, this is partially dependent on the way administrative boundaries are drawn. More municipalities in the northern part of Stockholm County appear to be urbanizing than in the southern part, but the northern area contains a number of smaller municipalities in terms of land area compared with those to the south. This makes their urban growth appear more dramatic if only land area percentages are considered; Sundbyberg is one such example. However, Sigtuna in the north is a relatively large municipality and had the largest number of square kilometers of urban expansion (16) of any other municipality.
By contrast, the nature reserves in the northern part of the study area are relatively few and generally much smaller than those that exist south of Stockholm City. Huddinge, for example, where a number of urban expansion examples have been shown, counts no less than 11 nature reserves within its borders. The number and size of the nature reserves here place obvious constraints on where urban growth can occur and, as a result, urban expansion makes an impact on ecologically significant areas almost unavoidable.
Thus, while most urban growth occurred to the north of Stockholm City between 2005 and 2015, the most significant environmental impact registered in the south. There, the overlap with the Stockholm region's green infrastructure was evident, as the calculations and majority of examples of urban expansion have shown. The case of Flaten Nature Reserve reveals how important ecological areas are experiencing pressure and impacts from an urban development on nearly all sides. Flaten NR also lies in the midst of three out of four important but weak regional connections for the deciduous forest ecosystem, which the green infrastructure action plan points out as in need of 
Thus, while most urban growth occurred to the north of Stockholm City between 2005 and 2015, the most significant environmental impact registered in the south. There, the overlap with the Stockholm region's green infrastructure was evident, as the calculations and majority of examples of urban expansion have shown. The case of Flaten Nature Reserve reveals how important ecological areas are experiencing pressure and impacts from an urban development on nearly all sides. Flaten NR also lies in the midst of three out of four important but weak regional connections for the deciduous forest ecosystem, which the green infrastructure action plan points out as in need of strengthening [74] . Flaten NR is, therefore, a key part of the ecocorridor and green wedge networks and for this reason should at least be shielded from further pressure and at most have its green linkages with other parts of the ecosystem bolstered.
Stockholm's green infrastructure action plan notes that one of the most direct threats to forest biodiversity in the County is the loss of core areas either as a result of clear-cutting or conversion to other types of land cover [72] . One of the largest land-cover areal decreases in this study was for forested areas, where over 80 km 2 were converted during the decade. Most of the examples of land conversion as a result of urban expansion presented here are of forested areas to either industrial or residential land cover. These include examples of loss of valuable green core area in Upplands-Bro municipality and loss of both primary and secondary deciduous ecocorridor forest in Huddinge municipality. These new urban areas pose problems for ecosystem function and biodiversity in the remaining nearby forest through areal loss and increased edge effects, and they strengthen the barrier effects of the existing urban areas they have been added or connected to [8, 14, 45, 101] . These local impacts are mirrored at the regional landscape level by the negative changes in temperature regulation, noise reduction and air purification ecosystem service provision bundles, which represent fundamental ecosystem services provided by forested areas in particular. These negative changes at the landscape level were due in part to loss of forested areas but even more so to decreasing proximity of forest and increasing proximity of LDB areas, several local examples of which have been presented in regard to changes in and around specific types of green infrastructure. The reason for urban expansion in these ecologically important areas is most likely tied to their lack of formal or legislative protection combined with pressure for new urban development from an increasing population.
Yet even legally protected areas were coming under pressure from urbanization. SEPA points out that transition zones between natural and even semi-natural land cover are particularly valuable for biodiversity since they often contain species from more than one ecosystem [92] . They can also act as protective buffer zones for core ecological areas, which are often an important part of nature reserves. Investigation of change in the buffer area around legally protected nature reserves in Stockholm County revealed several examples of shrinkage and even elimination of portions of non-urban land-cover buffer areas. Urban areas built in direct proximity to important ecological or protected areas negatively impact the biodiversity and ecosystem function within through reduction of core area and edge effects such as noise and light disturbance as well as pollution. Some of the examples highlighted the problem of nature reserves becoming increasingly surrounded by urban development, even at times within their buffer zones. Such enclosure increases their isolation from other parts of the ecosystem and diminishes or eliminates green links or ecocorridors in the landscape.
Colding [22] (p. 322) states that "protected areas in Stockholm constitute a patchwork quilt of ecosystems that do not match critical ecosystem interactions and dynamics, missing the important aspects of landscape connectivity." In that sense, urban growth impact outside of and around the protected areas gains more significance. Analysis for the identification of the deciduous ecocorridor network [75] and even the "green weak links" as first identified in the Stockholm regional development plan, RUFS 2010 [102], are efforts to highlight some of these important landscape ecological connections. Figure 14 shows the urban impact on green infrastructure examples presented earlier at a larger scale, and nearby green weak links in Stockholm's green structure according to RUFS 2050 are shown in white [76] . Here we can see that the urban expansion (new 2015 urban areas that overlap green infrastructure are shown in yellow) is occurring in close proximity to these weak links. This is a problematic trend given the recommendations of the green infrastructure action plan and other earlier planning documentation that emphasize strengthening the green weak links [74, 103] . Several weak links appear to be becoming weaker rather than stronger (e.g., south of Rudan, west of Bornsjön, in the northern part of Flaten and at several points across the Järva green wedge). Perhaps more planning focus should be shifted to the protection/restoration of affected green weak links rather than remaining on addition of new protected but often isolated patches. The findings also raise some key questions: How much of an uninterrupted buffer zone is needed to maintain the function and well-being of protected areas and how much green structure is needed to ensure the functioning of the green links and ecocorridors in the Stockholm landscape? Timely answers are needed since both have been diminished over the course of the past two decades.
Remote Sens. 2019, 11, x FOR PEER REVIEW 28 of 37 needed to maintain the function and well-being of protected areas and how much green structure is needed to ensure the functioning of the green links and ecocorridors in the Stockholm landscape? Timely answers are needed since both have been diminished over the course of the past two decades. Nature reserves in Sweden are established on a case by case basis usually initiated by a proposal from county authorities. It is therefore worth noting that nature reserves in Stockholm County date from different years. Of the reserves mentioned in this study, Bornsjön is likely the oldest as it was established in 1995, followed by Lännaskogen established in 2002 and Igelbäcken established in 2004, just before the beginning of the study period. Flaten, Rudan and Kolartorp are newer reserves, however, established in 2007, 2010 and 2011 respectively. One might wonder if these reserves were established in response to urban growth and pressure occurring in their vicinity. This may have been true for Rudan where inspection of Google Earth historical images reveals that conversion of the buffer area to the south began in 2008, two years before it became a nature reserve, and continued into 2012. Yet the urban growth to the west of Flaten occurred in early 2015 and the clear-cutting of forest that occurred in its northern section between the roads that traverse it occurred somewhere between 2008 and 2010, well after the nature reserve was established. The urban expansion surrounding Kolartorp began somewhere between 2012 and 2014, after its establishment as a reserve in 2011. So the establishment of a nature reserve appears to have little influence one way or another on conversion of land cover in its immediate vicinity. Borgström et al. [104] found that the establishment of nature reserves had no detectable effect on surrounding land use from their analysis of change in buffer zones around nature reserves in southern Sweden.
There was a small (<1%) overall loss in ecosystem service value where the increase in UGS compensated to a significant degree the decrease in forest and proximate green/blue structure. Yet given Stockholm's plans for continued substantial urban expansion [76] , is this amount of decadal ecosystem service loss acceptable and sustainable in the long run? It is worth noting that the monetary value for urban greenspace is roughly twice as much as for forest. While the valuation scheme adapted and used here is largely suited to Stockholm, where forest is relatively plentiful and where semi-open landscape and grasslands have a long tradition and value from Swedish agro-pastoral history [105] , it may not be appropriate in other regions where, for example, forest may be scarce and/or desertification or erosion may be a problem. The determination of monetary value for ecosystem service providing land cover plays a significant role in the ecosystem service balance results obtained and should where possible be regionally adapted.
The landscape metric-based ecosystem service provision bundles proposed by Haas and Ban [21] and here adapted and tested with higher resolution Sentinel-2 and SPOT-5 data were able to register the more subtle impacts on ecosystem service provision in Stockholm County. While environmental impact in more rapidly urbanizing areas can often be clearly detected with various indicators, this is not always the case for regions with a significant proportion of green area urbanizing at a more moderate pace such as Stockholm's, e.g., [65] .
A positive finding for ecosystem service provision in the Stockholm region is that wetlands remained more or less stable in terms of the area during this time period and did not register significant impact from urban growth. However, 10 m resolution may not be fine enough for examination of wetlands in this geographic region since they are often much smaller in size than, for example, forested areas. Assessment of their status through a higher resolution change study might reveal more subtle urban growth impacts or pressure that are not possible to detect with this data and methodology.
Limitations and Transferability of the Applied Methodology
The methodology for this study has been developed with a landscape regional level in mind, which often involves study areas of several thousands of square kilometers. Appropriate data in the form Sentinel-2 and SPOT imagery proves useful for such an undertaking given the wide coverage paired with enough detail to evaluate significant change. However, uncertainty is an intrinsic part of remote sensing of the environment in that the data is collected from a distance. Given the study area size and geophysical variation, the resolution of the satellite imagery, and high-performing although imperfect classifier algorithms, the classification results are limited by a certain amount of error, and this error will have a tendency to propagate as indicators are calculated. Evaluating the accuracy allows investigators to decide if the classification results are accurate enough for analysis and indicator calculation, which was the case in this study.
For this investigation, accuracy was evaluated at the landscape regional level and thus conclusions about general trends in the landscape, i.e., green structure and ecosystem service change, will be most reliable, while results on more localized levels, i.e., municipalities and nature reserves, will be less certain. This motivated the choice to aggregate the urban and green structure classes prior to calculating indicators on these levels, in order to increase their reliability and lower the effects of error propagation.
The employed method of evaluation of ecosystem service change relies on the composition and spatial configuration of land cover. It does not measure specific biophysical changes in ecosystem health or service provision within Stockholm's green infrastructure. Therefore, process models based on empirical data applied in this region could be a useful complement in monitoring ecosystem function or service change.
The urbanization of Stockholm is occurring at a relatively moderate pace if one compares with other major cities of similar geographic extent. The methodology applied here should, therefore, be adequate to detect change in a majority of other locations. But transferring this study's methodology in order to monitor progress towards SDG 15 would require a number of regional adaptations. A tailored classification scheme should be selected as well as relevant ancillary data if available for classification improvement. The SVM algorithm was employed in this study but it is possible that other high-performance classifiers such as random forest may work better in other contexts (e.g., considering the characteristics of the imagery, classification scheme and/or computing capacity available). Some of the spatial attribute ecological principles listed in Section 4.3.1 are widely applicable (e.g., area) while others are dependent on the context of the landscape matrix they are applied to (e.g., diversity). Ideally, local conservation or planning authorities might provide ecological criteria that could serve as a basis for landscape metric selection and ecosystem service bundle construction. The importance of a locally appropriate valuation scheme has already been mentioned. The possibility to examine urban impact on regional green infrastructure will depend on the availability of site-specific green infrastructure datasets such as nature reserve/valuable biotope maps or ecological corridor analyses. If these are lacking, then this could highlight the need for their development in support of planning for sustainable urban development.
The results of this study are constrained by the Stockholm County boundary, which does not represent green infrastructure boundaries and thus cannot provide information regarding transboundary environmental changes/issues on the outskirts of the study area. The county boundary was used nonetheless since the majority of urban growth occurred in the more central parts of the county and not in proximity to its boundaries and since planning authorities often require statistics according to administrative boundaries for various purposes. The deciduous ecocorridor study obtained results regarding this type of green infrastructure's status across county lines [75] . Future studies analyzing green structure on the outskirts of the county would require different and more ecologically appropriate study area dimensions.
Conclusions
This research investigates urban expansion in Stockholm County between 2005 and 2015 and the resulting environmental impact based on object-oriented SVM classifications of Sentinel-2A MSI and SPOT-5 HRI data. Similar high accuracies (kappa: 0.88) were achieved for both classifications, but Sentinel-2A MSI data proved particularly useful in its coverage of nearly the entire study area by one image and its variety of spectral bands which contributed to better classification of agriculture, forest and wetland classes when compared to the classification of the SPOT-5 HRI data. The landscape metric-based urban ecosystem service bundles proposed by Haas and Ban proved effective in capturing changes in service provision in Stockholm's moderately urbanizing landscape based on the object-based SVM classifications of higher resolution Sentinel-2A and SPOT-5 data. In addition to calculation of urban growth statistics on administrative levels, this study also highlights localized urban growth impacts on legally protected nature reserves and the region's ecogically significant green infrastructure, the management of which in some cases is the responsibility of more than one municipality.
Urban areas increased by approximately 15% while non-urban land-cover types decreased by about 4% or 116 km 2 . The results suggest that urban areas may soon overtake agricultural areas to become the second-largest land-cover category in the county landscape after forest. Forest was the vegetated land-cover category most impacted by urban growth over the decade, with a total loss of over 80 km 2 . This contributed to impacts on ecosystem service provision, with small but notable decreases in food supply, waste treatment and global climate regulation. However, decrease in proximity of forest and increase in proximity of LDB areas were the main cause of greater decreases in temperature regulation, air purification and noise reduction as well as recreation, place values and social cohesion. Ecosystem service loss over the decade amounted to 4.6 million USD (2015 exchange rate).
The largest increases in urban areas and significant losses of green structure occurred mainly in the northern area of the county in the rural-urban fringe. However, the most significant environmental impact registered south of Stockholm City where urban expansion increasingly overlapped several types of the region's protected and ecologically important green infrastructure. Urban areas within a 200 m buffer zone around the SEPA nature reserves in Stockholm County increased by 16% over the decade, with several examples of new urban areas constructed along the boundary of nature reserves. Urban expansion also overlapped the deciduous ecological corridor network and green wedge and core areas to a relatively small but increasing degree. Comparison of urban growth with weak links in Stockholm's green infrastructure revealed that certain ecologically important connections in the landscape may be getting weaker in spite of calls to strengthen them. Given these findings, increased conservation/restoration focus on the region's green weak links is recommended. A continually updated spatio-temporal analysis of key ecological areas and buffer zones, and their comparison with existing weak green links, could be a helpful part of future environmental monitoring so that planning resources and restorative efforts are targeted to the right places in a timely manner. Given the effectiveness of the combined data and methodology in monitoring urban change and environmental impact in a moderately urbanizing region such as Stockholm, the application of similar techniques adapted to the local environmental context in other urbanizing regions could prove useful in evaluating progress toward national and international sustainability goals. 
